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ABSTRACT  
   
With increasing demand for System on Chip (SoC) and System in Package (SiP) 
design in computer and communication technologies, integrated inductor which is an 
essential passive component has been widely used in numerous integrated circuits (ICs) 
such as in voltage regulators and RF circuits. In this work, soft ferromagnetic core 
material, amorphous Co-Zr-Ta-B, was incorporated into on-chip and in-package 
inductors in order to scale down inductors and improve inductors performance in both 
inductance density and quality factor.  
With two layers of 500 nm Co-Zr-Ta-B films a 3.5X increase in inductance and a 
3.9X increase in quality factor over inductors without magnetic films were measured at 
frequencies as high as 1 GHz. By laminating technology, up to 9.1X increase in 
inductance and more than 5X increase in quality factor (Q) were obtained from stripline 
inductors incorporated with 50 nm by 10 laminated films with a peak Q at 300 MHz. It 
was also demonstrated that this peak Q can be pushed towards high frequency as far as 
1GHz by a combination of patterning magnetic films into fine bars and laminations. The 
role of magnetic vias in magnetic flux and eddy current control was investigated by both 
simulation and experiment using different patterning techniques and by altering the 
magnetic via width. Finger-shaped magnetic vias were designed and integrated into on-
chip RF inductors improving the frequency of peak quality factor from 400 MHz to 800 
MHz without sacrificing inductance enhancement. Eddy current and magnetic flux 
density in different areas of magnetic vias were analyzed by HFSS 3D EM simulation. 
With optimized magnetic vias, high frequency response of up to 2 GHz was achieved. 
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Furthermore, the effect of applied magnetic field on on-chip inductors was 
investigated for high power applications. It was observed that as applied magnetic field 
along the hard axis (HA) increases, inductance maintains similar value initially at low 
fields, but decreases at larger fields until the magnetic films become saturated. The high 
frequency quality factor showed an opposite trend which is correlated to the reduction of 
ferromagnetic resonant absorption in the magnetic film. In addition, experiments showed 
that this field-dependent inductance change varied with different patterned magnetic film 
structures, including bars/slots and fingers structures.  
Magnetic properties of Co-Zr-Ta-B films on standard organic package substrates 
including ABF and polyimide were also characterized. Effects of substrate roughness and 
stress were analyzed and simulated which provide strategies for integrating Co-Zr-Ta-B 
into package inductors and improving inductors performance. Stripline and spiral 
inductors with Co-Zr-Ta-B films were fabricated on both ABF and polyimide substrates. 
Maximum 90% inductance increase in hundreds MHz frequency range were achieved in 
stripline inductors which are suitable for power delivery applications. Spiral inductors 
with Co-Zr-Ta-B films showed 18% inductance increase with quality factor of 4 at 
frequency up to 3 GHz. 
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Chapter 1 
INTRODUCTION 
1.1 Background and Motivation 
Inductors are essential passive components widely-used in numerous electronic 
circuits such as in radio-frequency (RF), microwave, voltage regulators and power 
delivery circuits. With the ongoing drive toward miniaturization of electronic products, 
with ever-increasing functionality and performance, from portable electronics to high-end 
computing, inductors has constantly evolved from early discrete components on printed 
circuit boards (PCBs) to integrated ones in package or on Si chip. [1-5] Such integration 
of inductors is the prerequisite to the implementation of System in Package (SiP), System 
on Chip (SoC), Power Supply in Package (PwrSiP) and Power Supply on Chip (PwrSoC) 
design in computer and communication technologies, such as multi-core processor and 
portable and low-power consumption wireless devices. [6-9] 
However, among all the fundamental components inductors are least compatible 
with silicon integration with some substantial disadvantages, e.g. large silicon area 
consumption, high substrate loss, high DC resistance and high cost. Large size integrated 
air-core planar spiral inductors used today usually occupy precious chip area which does 
not scale efficiently with the number of turns. Besides, due to a electric-magnetic 
coupling with the conductive silicon substrate integrated inductors perform poorly, with 
quality factors Q of 3 being usual. High quality factor is required since it directly impacts 
the phase noise of the frequency synthesizer and directly affects the wireless channels 
spacing and frequency planning. To simultaneously achieve high inductance density and 
quality factor, ferromagnetic core material have been incorporated into on-chip inductors 
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which has become increasingly attractive particularly in RF/microwave integrated 
circuits and power electronics applications. Furthermore, with ferromagnetic materials, 
on-chip inductors tend to cause less electromagnetic interference (EMI) to the other 
analogue/digital circuit blocks within close proximity.  
Besides the on-chip inductors, in-package or on-package inductors have also 
attracted many research interests since moving the inductors from the die to the package 
substrate would reduce the die size and cost. Thanks to the advanced packaging 
technologies, in-package inductors using multi-levels of metals are feasible and superior 
in quality factor compared to on-chip inductors. 
1.2 Review of Previous Work 
Much research has been carried out to fabricate and integrate high inductance 
density and high quality factor inductors on silicon. For a magnetically enhanced on-chip 
inductor, a number of coil and winding geometries have been investigated including 
spiral, strip, toroidal, solenoid and meander structures. Among all these structures, spiral 
inductors are commonly used in COMS technology due to their low profile and well-
developed integrated fabrication process. Monolithic on-chip air-core inductors in current 
CMOS RF circuits consisting of a spiral geometry are fabricated using high levels of 
metals without magnetic materials and exhibit inductances ranging from 1-10 nH. They 
occupy a large substrate area with inductance densities lower than 100 nH/mm2.[8]  
Stacked or 3D structures are proposed to reduce the area of on-chip spiral inductors in 
which spiral inductors in different metal layers are series-connected. Though the 
inductance is enhanced, the quality factor and the resonant frequency sacrifice due to 
higher series resistance and larger parasitic capacitance.[10-13] A more effective way to 
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increase inductance and quality factor along with reducing capacitance, resistance, and 
size can be achieved by adopting magnetic materials in integrated inductors which greatly 
benefit integrated circuits design. [14, 15] 
Considering the large chip area occupied by on-chip inductor with air core, use of 
magnetic films as flux-amplifying components yields smaller inductors. A lot of designs 
have been researched with most of the flux contained within the magnetic films, which 
also reduces unwanted losses in the silicon substrate. Over the last 20-30 years enormous 
efforts have been made to fabricate an efficient CMOS-compatible magnetic inductor and 
extend its operating frequency range from 1-10 MHz to 100-1000 MHz. A few 
representative works are briefly reviewed here with a focus on on-chip spiral inductors. 
Limited increases in inductance (30-60%) have been demonstrated by depositing a single 
layer of magnetic material over spiral inductors.[16-18] The theoretical limit for a single 
level of magnetic material deposited over spiral or stripe inductors is only a 2X (or 100%) 
increase. Although simulations of inductors using two layers of magnetic material have 
suggested that large increases (7-fold) in inductance are possible, it has proven difficult to 
achieve. Shirae and coworkers have implemented a number of structures with planar coils 
embedded in SiO2 and sandwiched between two Ni-Fe films.[19] However, this design 
yielded a low efficiency (Q=1) and the resonances are only at a few tens of MHz which 
were attributed to the distributed coil/SiO2/film capacitance in the structure. Furthermore, 
by changing the magnetically sandwiched spiral inductor structure into stripeline, the 
high frequency response of the magnetic inductor can be improved with Q > 3 at 100 
MHz. However, the enhancement of the inductance is very small.[20] Regarding this 
problem, the importance of flux closures at the edges of the conductor was pointed out 
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first by Oshiro.[21] Yamaguchi et al.[22] have demonstrated a gain in inductance up to a 
factor of 4 with Q~2-3 at 100 MHz by using Ni-Fe-coated conductor strips, with and 
without magnetic closures at the edges. Additionally, Cu strips sandwiched with Ni-Fe 
and Co-Nb-Zr, with and without flanges at the edges, have been carefully studied by 
Korenivski and Van Dover.[23] By varying the width of the stripeline from 10-50 µm, 
the results showed up to 7X enhancements of inductance over the air-core value (100 
nH/cm linear inductance density) with Q < 2 at frequencies up to 250 MHz. Some studies 
have focused on obtaining high peak Q-factors based on structures chosen already with 
higher peak Q-factors prior to adding magnetic material thanks to the high frequency they 
were designed for, but the gains in inductance were only 8% - 30%.[18, 24, 25] Recently, 
Gardner and co-workers have demonstrated ~31X increase of inductance by using flux-
closed double-layer Co-Zr-Ta magnetic material integrated spiral inductors.[26] 
Inductance densities of up to 1700 nH/mm2 and quality factors of up to 8 were obtained. 
However, the working frequency was limited up to 40 MHz, which prevents its usage in 
RFIC. Soft ferrites are another alternatives which are attractive for their high resistivity. 
Compared with magnetic alloys, low saturation magnetization and high process 
temperature are the main disadvantages of ferrites. Typical permeability of ferrites 
obtained by sol-gel spin-coating is around 10-30.[27] Therefore, inductance increase is 
not so significant that the added cost of using magnetic material seems not worthwhile. 
Besides the materials mentioned above, other ferromagnetic materials, such as Co-Nb-Zr 
[28], Fe-Hf-N [29], Fe-Co-SiO2 [30], Fe-Co-Ta-N [31] and Fe-Ta-N [32, 33], have also 
been implemented into on-chip inductors aiming for different applications.  
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Other than planar spiral structures, a solenoid inductor with laminated amorphous 
magnetic cores (Co-Fe-Si-B) was studied by Shirakawa [34, 35], which demonstrated up 
to 10-fold enhancement of inductance with Q = 2 at frequency of 10-100 MHz. The 
solenoid structure has its advantages in fully utilizing the hard axis of the magnetic core 
since the induced magnetic field is always along its axial direction. Zhuang [36] 
fabricated solenoid inductors with Ni-Fe magnetic core achieving more than 20-fold 
enhancement of inductance. Solenoid inductors fabricated on PCB with CoFeHfO 
magnetic cores were reported by Shan Wang's group [37] from Stanford University and 
the similar structure was also used for integrated transformers in their recent published 
paper. [38] Another type of inductors attracting research interest is toroidal inductor. [13] 
But the need of control magnetic anisotropy in magnetic core's radial direction 
jeopardizes the implementation of magnetic materials and the relatively complicated 
process makes toroidal inductor not suitable for on-chip applications. [39] 
1.3 Organization 
Following this chapter, chapter 2 includes the preparation and characterization of 
amorphous Co-Zr-Ta-B as well as 80%Ni-20%Fe which is one of common used soft 
ferromagnetic materials known as Permalloy. Patterning effects in magnetic films are 
also investigated in this chapter. By calculating the demagnetizing factor, aspect ratio 
dependence of saturation field in micro-patterned magnetic bars is analyzed.  
Chapter 3 presents simulation results from 3D electromagnetic simulator ANSYS 
HFSS. Based on simulations, optimizations of on-chip inductor design have been applied 
for achieving higher inductance and higher quality factor. Optimized parameters include 
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copper thickness, magnetic thin film thickness, space between copper and magnetic 
materials, etc.  
Chapter 4 demonstrates the experimental work on on-chip magnetic thin film 
inductors with amorphous Co-Zr-Ta-B. Stripline and spiral inductors were designed and 
fabricated with different combinations of laminated Co-Zr-Ta-B films. Measurement 
results show superior frequency performance of inductors with laminated patterned films. 
In Chapter 5 the role of magnetic vias in magnetic flux and eddy current control 
was investigated by both simulation and experiment. Different patterning techniques and 
varied via width were utilized to improve the inductor RF performance. The magnetic 
flux path in magnetic films was examined by 3D EM simulation based on which finger-
shaped magnetic vias were improved by elaborately keeping the magnetic flux path 
continuous around the copper coils. 
Chapter 6 investigated the effect of applied field on on-chip inductors which is 
one of concerns in high power density applications. An efficient way to accurately 
evaluate magnetic thin film is tested and verified. The saturation field of inductors is 
effectively tuned by different patterning of magnetic films. 
Chapter 7 characterized the magnetic properties of magnetic films on organic 
packaging substrates including ABF and polyimide substrates. Experiments on in-
package inductors with integrated magnetic materials show promising applications in 
Power Supply in Package design. 
Chapter 8 summarizes the major contributions of this dissertation and suggests 
areas that merit future work. 
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Chapter 2 
MAGNETIC THIN FILM CHARACTERIZATIONS AND PATTERNING 
EFFECTS IN MICRO-PATTERNED FILMS 
2.1 Magnetic Material  Requirements for Inductor Applications 
Ideal ferromagnetic materials which can be integrated into on-chip inductors 
should have large permeability, low magnetic loss in the operating frequency range, and 
CMOS process compatibility. These three criteria assure that such ferromagnetic 
materials are helpful for large inductance increase, large quality factor and process 
feasibility. From the engineer point of view, each requirement can be further subdivided 
into the following items. 
(1) High saturation magnetization, Ms. This requirement is obvious. Since the 
magnetic film is used as flux amplifier, the higher the permeability, the larger increase in 
inductance. Considering that the easy axis of magnetic material is saturated at relatively 
small external magnetic field, most of the designs are expected to employ the transverse 
(hard axis) permeability in films of uniaxial anisotropy, which is directly proportional to 
:	μ ≅ 4/
, where 
 is the anisotropy field. 
(2) High ferromagnetic resonant frequency (FMR). At FMR the magnetic 
moments in ferromagnetic films process at the resonant frequency resulting in 
dramatically absorption of RF energy. The permeability turns out mostly imaginary, 
which would make an inductor into a resistor. FMR is determined by the Kittel 
equation[40] as  
                                      
02 µpi
γ ks
r
HMf =                                                         (1) 
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Increasing anisotropy field 
  can achieve higher FMR with the drawback of 
lower permeability. 
(3) High resistivity, ρ. Eddy currents are one of the most important energy loss 
mechanisms especially at high frequency end. Ferromagnetic materials which are usually 
metal alloys are good conductors for eddy currents. High resistivity can help reduce the 
eddy current loss leading to a high quality factor. 
(4) Single domain state, for low magnetic loss as well as for reproducibility. 
Variations in inductance caused by changes in the domain pattern of the magnetic films is 
usually unacceptable in a commercial product; 
(5) Low magnetostriction. Since the fabrication process may result in stress in the 
films leading to stress-induced anisotropy, therefore limiting the permeability, it is 
preferred that the magnetic material has as small magnetostriction as possible. 
(6) Low preparation temperature. CMOS compatibility of magnetic materials and 
their incorporation process is also critical for the application of the magnetic inductors. A 
restricted process temperature required for other on-chip components, preferably less 
than 200 ºC. 
2.2 Characterizations of  laminated Ni-Fe thin films 
Ni-Fe is one of the most common used soft magnetic alloys which can be found in 
many electrical equipments as magnetic cores. Although electroplating is a more 
economic way to deposit Ni-Fe, insulation layers cannot be deposited by electroplating to 
form laminated films. Wei et al.[41, 42] sputtered laminated Ni-Fe films with thin 
chromium layers as insulation layers and observed tuned permeability through changing 
the laminated layer thickness. To further improve film resistivity, SiO2 was used to 
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replace the chromium layers. Laminated Ni-Fe films of 20 nm by 5 layers with 5 nm 
thick SiO2 insulations in between were deposited by Lesker sputtering system. The base 
pressure was 1 x 10-6 torr and sputter pressure was maintained at 4 mtorr using Ar at 200 
W of DC power for Ni-Fe. The power was kept constant to maintain a constant 
deposition rate of 1.5 Å/s. The substrate was rotated at a constant rate of 30 rpm to ensure 
the uniformity of the deposited film. An external DC magnetic field of 400 Oe was 
applied during the sputtering to render unaxial anisotropy. Fig. 1 shows the measured 
hysteresis loops from Ni-Fe films on quartz, ABF and polyimide substrates. Magnetic 
properties such as coercivity Hc and anisotropy field Hk were extracted and listed in Table 
I. 
Table I Material Properties of laminated Ni-Fe films 
 Quartz ABF Polyimide 
Hc (Oe) 0.8 4.3 2 
Hk (Oe) 10 27 18 
 
 
       (a) 
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        (b) 
 
       (c) 
Fig. 1 Measured M-H hysteresis loops of laminated Ni-Fe films on (a) quartz (b) ABF (c) 
polyimide substrates. 
 
2.3 Characterizations of  laminated and non-laminated Co-Zr-Ta-B thin films 
The amorphous Co-4%Zr-4%Ta-8%B (at. %) alloy was prepared by DC magnetron 
sputtering. Boron in Co-Zr-Ta-B is used to increase the resistivity of the material leading 
to lower induced eddy current. The resistivity of Co-Zr-Ta-B films was measured as 115 
11 
µΩ·cm, which is higher than Co-Zr-Ta's resistivity of 98 µΩ·cm. An external DC 
magnetic field was applied during the deposition to render the Co-Zr-Ta-B film 
magnetically anisotropic. A low-frequency permeability of 1070 Gauss/Oe along the hard 
axis was extracted from vibrating sample magnetometer (VSM) measured M-H hysteresis 
loop (Fig. 2) and the coercivity was less than 0.1 Oe resulting in low hysteretic losses. 
Using pulsed inductive microwave magnetometry (PIMM), the ferromagnetic resonant 
frequency (FMR) for a 500 nm thick Co-Zr-Ta-B film was found to be 1.6GHz at zero 
bias field and can be further increased by laminating or patterning the magnetic film. 
Main magnetic properties of Ni-Fe, Co-Zr-Ta and Co-Zr-Ta-B are listed in Table II for 
comparison.  
Table II Comparison of Ni-Fe, Co-Zr-Ta and Co-Zr-Ta-B sputtered films 
 Ni-Fe [42] Co-Zr-Ta [43] Co-Zr-Ta-B 
permeability, µ 650 1000  2 
resistivity, ρ (µΩ·cm) 20 100 115 
FMR (GHz) 0.64 1.4 1.6 
 
Cobalt oxide formed by introducing oxygen into sputtering system was used to 
laminate Co-Zr-Ta-B film. Two different laminated films, 100 nm by 5 and 50 nm by 10, 
were deposited onto spiral on-chip inductors as well as 500 nm thick non-laminated film.  
M-H hysteresis loops of as-deposited Co-Zr-Ta-B films were measured by 
vibrating sample magnetometer (VSM) as seen in Fig. 2. Both the easy axis and hard axis 
coercivity values for laminated films are higher than that for a single layer film (see Fig. 
2. insets). This is due to the interactions between each laminated layer where the 
magnetization of each layer is antiparallel aligned for minimum energy. For the same 
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reason, the anisotropy field HK increases with increasing number of lamination layers and 
decreasing laminations thickness, whereas from hard-axis M-H loop an HK near 25 Oe 
was deduced for 500 nm thick Co-Zr-Ta-B film and the 10 layers of 50 nm laminated 
film has the largest HK of 60 Oe. Though the low-frequency permeability ( KS HM /4pi ) of 
laminated films becomes lower due to the higher HK, the laminated films are more 
suitable for high frequency applications as the ferromagnetic resonant frequency (FMR) 
which is proportional to KS HM  increases.  
 
                                                                           (a) 
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                                                                            (b) 
Fig. 2. M-H magnetic hysteresis loops of as-deposited Co-Zr-Ta-B films, (a) easy axis 
and (b) hard axis. Insets show the coercivity of each film. 
 
2.4 Patterning Effects in Micro-patterned Co-Zr-Ta-B thin films 
In on-chip inductor applications, magnetic films are usually patterned into 
arbitrary shapes for better inductor performance, i.e. large quality factor (Q) and high 
operating frequency. Experimental measurements, however, have shown that the 
magnetic film properties, such as coercivity (Hc) and permeability (µ), of those patterned 
magnetic films can differ from their intrinsic properties. The difference arises from 
changes of demagnetizing field, shape anisotropy energy, domain structure, etc. In 
patterned magnetic thin film with in-plane uniaxial anisotropy and single domain state, 
the most significant factor is the demagnetizing field. By adjusting the aspect ratio of 
width to length, inside demagnetizing field can be tuned leading to a tunable anisotropy 
field and saturation field. The saturation field (Hsat) is one of the most important 
14 
properties of patterned magnetic films for inductor applications, because it not only affect 
the effective permeability of patterned films but also determines the maximum current 
that inductors can undertake (large current will saturate the magnetic films leading to 
decreased inductance). In particular, in inductors with magnetic materials in voltage 
regulator application, large saturation field directly will lead to the large saturation 
current.[44, 45] Previous research on patterned magnetic films focus on theoretical 
analysis and experimental characterization without relating this adjustable saturation field 
to magnetic thin film inductor applications. 
 
 
Fig. 3 Patterned Co-Zr-Ta-B films with different aspect ratio which is defined as the 
length in hard axis to the length in easy axis, i.e. b/a. Easy axis was induced by applied 
magnetic field during sputtering. Top: Schematic of the pattern. Bottom: optical images 
of patterned arrays with different aspect ratios of, from left to right, 1:2, 1.5:1, 3:1, and 
5:1. 
  
Electron beam lithography (EBL) was used for patterning. Fig. 3 shows the 
schematic and fabricated patterned Co-Zr-Ta-B magnetic bars array with different aspect 
15 
ratios. Every patterned array has 50/50 areal coverage ratio, i.e. the space is the same as 
the dimension of the magnetic bars in each direction. 
 
 
         (a) 
 
         (b) 
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        (c) 
Fig. 4 Measured M-H hysteresis loop from 100 nm×5 laminated Co-Zr-Ta-B film. (a) 0.7 
mm×0.7 mm un-patterned film. The saturation fields along easy and hard axis are 5 Oe 
and 35 Oe, respectively. (b) Easy Axis and (c) Hard Axis of patterned films with different 
aspect ratio. Aspect ratio is defined as the b/a, see Fig. 3. 
 
The saturation field of un-patterned and patterned Co-Zr-Ta-B films were 
extracted from the M-H hysteresis loops shown in Fig. 4. The un-patterned film has a 
dimension of 0.7 mm by 0.7 mm showing an easy axis saturation field (Hsat_E) of 5 Oe 
and a hard axis saturation field (Hsat_H) of 35 Oe. As Co-Zr-Ta-B films were patterned 
into array of rectangular bars, both Hsat_E, from 15 Oe to 500 Oe, and Hsat_H, from 40 Oe 
to 655 Oe,
 
increase significantly compared to un-patterned films due to increasing shape 
anisotropy energy, as listed in Table III. In addition, the saturation field shows clearly a 
dependency on the aspect ratio of the patterned magnetic bars. For the bars with large 
aspect ratio, the shape anisotropy energy overcomes the induced anisotropy from the 
applied field during deposition so that the intended easy axis direction has larger 
saturation field compared to that in the intended hard axis. In this sense, the easy axis and 
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hard axis have switched, which can be seen much clearly in the plot of saturation fields in 
both directions versus aspect ratio (Fig. 5). The switching of easy and hard axis occurs at 
around aspect ratio of 1, in the range and steps of aspect ratio change investigated in this 
work. 
Table III. Saturation field, demagnetizing factors, Nd and stray field factors, Ns 
Aspect 
ratio 
Hsat_E (Oe)a Hsat_H (Oe)b Nd_E Nd_H Ns_E Ns_H 
20:1 500 (338) 40 (38) 0.03093 0.00008 0.00432 -0.00015 
10:1 485 (327) 55 (45) 0.03023 0.00032 0.00447 -0.00051 
5:1 475 (307) 85 (66) 0.02876 0.00123 0.00460 -0.00123 
3:1 457 (289) 142 (95) 0.02692 0.00321 0.00423 -0.00160 
1.5:1 426 (255) 265 (184) 0.02290 0.01060 0.00292 -0.00135 
1:2 278 (207) 655 (564) 0.01316 0.04934 -0.00307 0.00704 
1:20 15 (8) 500 (368) 0.00008 0.03093 -0.00015 0.00432 
  
          a,bMeasured values (calculated values) 
 
This aspect ratio dependence of saturation field arises from the shape dependence 
of demagnetizing field (Hd) in the patterned films which is calculated by .  
is demagnetizing factor. There are two types of demagnetizing factors, i.e. the 
magnetometric demagnetizing factor [46] and the ballistic (fluxmetric) demagnetizing 
factor [47]. Li et al. [48] demonstrated that the latter is more suitable for soft magnetic 
thin films. As the interaction between adjacent magnetic bars in an array also contributes 
to the field distribution, the stray field of magnetic bars was calculated by a numerical 
dd MNH −=
dN
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method [49]. Considering stray fields only from neighbor magnetic bars, the effective 
saturation field is given by . is the stray field factor. 
The calculated saturation field listed in Table III, shows better agreements with measured 
results, extracted from hysteresis loops in Fig. 4, in hard axis, and 60% to 70% accuracy 
in easy axis.  
 
 
Fig. 5 Measured and calculated saturation filed of patterned magnetic bars array in easy 
axis (EA) and hard axis (HA). 
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Chapter 3 
OPTIMIZATION OF INDUCTORS WITH MAGNETIC MATERIALS USING 3D 
ELECTROMAGNETIC SIMULATIONS 
Electromagnetic simulation of magnetic inductor performance, including 
inductance, quality factor, and frequency response, with varying structural parameters is 
important for obtaining optimal design before experimental implementations. ANSYS 
HFSS which is a 3-D fullwave electromagnetic-field simulator has been used in radio 
frequency on-chip magnetic thin film inductors design to optimize both inductance and 
quality factor. Simulated and optimized parameters include copper thickness, magnetic 
film thickness, the space between copper coils and magnetic films, patterned shapes of 
magnetic vias and films. It is demonstrated in simulations that the quality factor 
improvement by increasing copper thickness is limited by skin effect especially above 1 
GHz. And reducing magnetic film thickness can improve both quality factor and 
frequency response at the expense of loosing inductance increase which indicates an 
optimized thickness for a magnetic thin film with certain permeability. Moreover, 
patterning magnetic film into finger and ring structure to reduce eddy current is also 
clearly shown in simulations. 
A 4-turn rectangular sub-100µm spiral inductor is designed in HFSS (see Fig. 6) 
based on which all the simulations are set up. The magnetic thin film material here in 
simulations is modeled as Co-Zr-Ta-B (CZTB) which has a constant permeability of 
1070 and conductivity of 8.7×105 siemens/m. The material properties used in the 
simulation are listed in Table IV while the dimensions of the spiral are in Table V. 
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Fig. 6 Schematic of on-chip spiral inductor with Co-Zr-Ta-B magnetic thin film. Right: 
Top-view of un-patterned and patterned films (10 bars) with easy axis oriented along the 
copper coils. 
Table IV. Material Properties in HFSS simulations 
 
Conductivity σ
(simens/m) 
Relative 
Permittivity 
Relative 
Permeability 
Co-Zr-Ta-B 870000 1 1070 
Polyimide  0 3.5 1 
Substrates 3.33 11.9 1 
 
Table V. Dimensions of spiral inductors in HFSS simulations (µm) 
Outer diameter Coils width Coils space turns 
160×88 5 3.5 4 
 
3.1 Air-core Inductor Optimization 
The series resistance of inductor is calculated by Eq. (2) which determines the 
quality factor. 
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                                          (2) 
Where δ is skin depth given by 
                                                                    (3) 
Eq. (2) shows that skin depth is frequency dependent parameter and for copper at 1 
GHz, the skin depth is about 2 µm. Simulated copper thickness is ranging from 2 µm to 7 
µm selected according to the fabrication capability. Fig. 7 shows that increasing copper 
thickness can help improve quality factor below 1 GHz, however, over 1 GHz such 
improvement becomes trivial.  
 
Fig. 7 Simulations with different copper coil thickness. Thickness is ranging from 2
7µm. Inset shows the structure of simulated 
3.2 Magnetic Film Thickness Optimization
The thickness of magnetic film determines the amount of magnetic flux increase in 
total. The thicker the magnetic film is, the more increase in magnetic flux. But as the flux 
increases, induced eddy current in magnetic film is also increasing. Simulations on 
different magnetic film thickness are helpful to choose appropriate film thickness for 
different applications. Fig. 8 is the simulation result showing that the magnetic film 
should keep less than 1 µ
inductance and quality factor drop a lot even at MHz range. Though the FMR effect is 
not accounted here, it still shows that only films thinner than 500 nm are suitable for GHz 
applications. 
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air-core spiral inductor. 
 
m thick otherwise the eddy current loss will be so large that 
 
µm to 
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Fig. 8 Simulations with different magnetic thin film thickness.  The thickness limit is 
about 1 µm which is determined by eddy current loss in the magnetic film. 
3.3 Magnetic Film Structure Optimization 
Eddy current in magnetic films is induced by the magnetic flux generated by copper 
coils. The magnetic via regions where top and bottom layer of magnetic film connect to 
each other (as shown in Fig. 10) usually have the most strong magnetic flux penetrating. 
Therefore, large amount of loss is 
the current density is very high in conventional magnetic vias. Patterning these magnetic 
vias can effectively reduce the eddy current so that quality factor can be improved. In 
HFSS, so-called fingers 
frequency response has been improved from 1 GHz to about 2~3 GHz and the quality 
factor increases more than 30%. However, this method has its limit when fingers number 
is more than 12 demonstrated b
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generated in magnetic via regions. As seen in Fig. 10, 
structure is designed and simulated shown in Fig. 9. The 
y simulations.  
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Fig. 9 Simulations on patterned magnetic vias. Schematic of finger structure is shown in 
the inset. The curves of 12 fingers and 18 fingers are overlaid which means patterning 
would not continuously improve the inductor performance after cutting into very fine 
fingers.   
           
Fig. 10 Simulations of current density (at 1GHz) in magnetic films without (left) and with 
(right) finger-shaped magnetic vias from ANSYS HFSS 3D EM simulator. Current 
density was shown in cross-sectional view and the arrows in the top-view showed the 
direction and position of the cross-sectional view. 
Different from finger structure in which only magnetic via regions are patterned 
slotting structure has the complete magnetic films cut into rings, shown in Fig. 11. The 
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idea is to cut the eddy current loop in the magnetic films. From the simulation results 
shown in Fig. 11, the improvement is only observed in 40 and 80 ring structure which 
means eddy current does not form large loop in magnetic thin film. This method is not an 
effective way to suppress eddy current loss. However, HFSS simulation cannot calculate 
magnetic properties changes when magnetic film turns into narrow rings. From material 
point of view, this patterning is useful to increase the anisotropy field in the film resulting 
in higher FMR.  
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Fig. 11 Simulations on patterned magnetic films. Inset shows an example of 6-ring 
structure. The improvement can be seen after the magnetic film is cut into very small 
rings. 
3.4 Conclusion 
To summarize all the simulations in HFSS, it is demonstrated 
(1) Increasing copper thickness only improves low frequency quality factor. At 
high frequency range (above 1 GHz) the skin effect limits the quality factor improvement. 
The optimized copper thickness can be chosen from 2µm to 5µm for future fabricated 
device. 
(2) Magnetic film thickness has strong effects on both inductance and quality 
factor. There is a trade-off between inductance increase and peak quality factor. Thinner 
magnetic film has lower inductance increase but large peak quality factor at higher 
frequency. The simulations indicate that magnetic film below 500 nm is suitable for RF 
applications. 
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(3) Finger structure is useful to improve inductor’s performance; however, there is 
no need to pattern magnetic vias into very fine finger structure according to simulation 
results. 
(4) Eddy current cannot be effectively suppressed by patterning the magnetic film 
into rings structure. Only when the rings are very small can quality factor improvement 
be seen. 
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Chapter 4 
ON-CHIP INDUCTORS WITH LAMINATED AND MICRO-PATTERNED CO-
ZR-TA-B MAGNETIC THIN FILMS 
In this chapter, boron-incorporated amorphous Co-Zr-Ta-B films with high 
resistivity are integrated into on-chip inductors to achieve up to 9.1X inductance increase 
with good frequency response up to 2 GHz. It is demonstrated that laminations can 
suppress the eddy current loss in magnetic films resulting in better frequency 
performance. Effects of patterning magnetic film have also been investigated by changing 
magnetic thin film aspect ratio. It was demonstrated that the peak Q can be pushed 
towards high frequency as far as 1GHz by a combination of patterning magnetic films 
into fine bars and laminations. 
4.1 Inductor Fabrication 
Spiral and stripe inductors were fabricated onto quartz substrates using electron 
beam lithography (EBL) and magnetron sputtering for pattern definition and 
metallization, respectively. The spiral inductors are 4-turn rectangular-shaped with outer 
diameters of 88 µm by 160 µm and an inductance of 1.9 nH without magnetic material. 
Copper wires are 2 µm thick and 5 µm wide wrapped around by Co-Zr-Ta-B thin films 
(see Fig. 6). Polyimide was used as insulating layers separating the copper conductor and 
the magnetic material. The amorphous Co-4%Zr-4%Ta-8%B (at.%) alloy was prepared 
by DC magnetron sputter deposition. Material preparation and characterization are 
discussed in section 2.3. Besides spiral inductors, 450 µm-long stripe inductors were also 
fabricated with both laminated and non-laminated films. Two layers of Co-Zr-Ta-B films 
were integrated into both spiral and stripe inductors by joining the two layers through 
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magnetic vias to form a continuous magnetic circuit for maximum flux enhancement. The 
thickness for each layer is 500 nm determined by the skin depth of magnetic material at 
GHz frequency range.[50] Thicker films will induce larger eddy currents that will 
deteriorate the quality factor. Various magnetic film structures were fabricated to obtain a 
comprehensive understanding. HP8720D network analyzer and Cascade GS probes were 
utilized for one-port measurements. 
4.2 Stripline Inductors with Laminated Co-Zr-Ta-B Films 
To reduce the eddy current and skin effect, Co-Zr-Ta-B films were laminated 
using five 100nm layers separated by cobalt oxide so that the total magnetic film 
thickness remains 500nm for comparisons. 450µm-long stripe inductors were fabricated 
with 500nm thick both laminated and non-laminated films. A maximum inductance 
increase of 9.1X was achieved in stripe inductors with laminated Co-Zr-Ta-B films 
whereas only 4X inductance increase was measured from non-laminated films, shown in 
Fig. 12. This large inductance increase from laminated films is partially due to mitigation 
of skin effect in magnetic films. Also, laminations help suppress the strip/vortex domains 
which deteriorate permeability of magnetic film. [42]  
Furthermore, maximum quality factor was nearly 3 but started to roll-off above 
300MHz. As discussed before, the losses in the magnetic films due to eddy current and 
FMR are always coupled. However, the roll-off observed in quality factor of stripe 
inductors mainly comes from FMR which is determined by the Kittel equation [40] as 
02 µpi
γ effs
r
HMf =
                                                        (4) 
Heff is the effective anisotropy field given by  
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sdkeff MNHH +=                                                    (5) 
The second term in Eq. (5) is shape anisotropy filed where Nd is the 
demagnetizing factor controlled by patterning the magnetic films. High shape anisotropy 
field will increase the FMR frequency. However, there is a tradeoff between FMR 
frequency and low-frequency permeability since the effective permeability is defined as 
sdk
s
eff
s
eff MNH
M
H
M
+
==µ
                                                (6) 
Therefore, introducing high shape anisotropy into magnetic thin film would help 
push the FMR frequency high enough above the operating frequency with the drawback 
of a proportionally reduced permeability. From the experiments, the laminated magnetic 
films were patterned into 25µm-long and 10µm-wide bars resulting in better high 
frequency response but lower inductance increase, as seen in Fig. 12. 
 
(a) 
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(b) 
Fig. 12 Inductance (a) and quality factor (b) measurements from stripline inductors with 
5×100nm laminated versus non-laminated Co-Zr-Ta-B films. The "bare" represents the 
same inductor without magnetic materials. 
4.3 Spiral Inductors with Laminated Co-Zr-Ta-B Films 
Measurements of inductance and quality factor versus frequency of spiral 
inductors using three combinations of laminations and non-laminated single layer film 
are shown in Fig. 13. Notable improvement in high frequency response (100 MHz to 1 
GHz) was observed from the inductors with laminated films. With 500 nm thick non-
laminated film the inductance increases by 3.4 times whereas a 30% more inductance 
increase is obtained using laminated films. Besides, comparing the slopes of inductance 
versus frequency curves one notes that inductance drops faster for non-laminated films as 
frequency increases. This frequency dependent inductance drop is due to the skin depth 
effect that the field cannot penetrate evenly in the magnetic films resulting in a lower 
effective permeability. Reference [51] gives a theoretical method to calculate this 
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effective permeability considering skin depth effect. However, the inductors with 10 
layers of laminations show a slight inductance drop at low frequency which arises from 
the added reluctance from the laminations in the magnetic vias. [52]  
Another advantage of using laminations is to suppress eddy current loss in the 
conductive magnetic films. By laminations the peak quality factor has been improve 
more than 50% from 1.5 of non-laminated film to 2.4 of 10 laminations film. The peak 
quality factor of 2.4 appears at 500MHz making the on-chip inductor suitable for RF 
applications.  
 
(a) 
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(b) 
Fig. 13 Measurements of (a) inductance and (b) quality factor of spiral inductors with 
laminated Co-Zr-Ta-B films. 
 
To further improve on-chip inductors high frequency performance, the laminated 
Co-Zr-Ta-B film was patterned into small bars while the film width and total length were 
kept the same, see Fig. 6. This patterning technique is sometimes also termed slotting, 
which introduces slots in the continuous magnetic film in the direction perpendicular to 
the inductor wire with an intention to cut off eddy current flow in the magnetic film that 
has a direction that counters the current flow in the inductor wire. Measurements results 
in Fig. 14(a) show that the inductance drops as magnetic films turn into small bars. There 
are several factors that could lead to the inductance decrease in patterned films. One 
factor is the filling ratio of patterned films defined as the bars length divided by the sum 
of bars length and gap distance between bars. The smaller the filling ratio is, the less 
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magnetic material in the core, thus leading to less flux augmentation. Table VI shows the 
filling ratio in comparison to the inductance increase change. Apparently there is no 
linear relationship between filling ratio and inductance increase change; however, for 4 
bars and 6 bars these two parameters are very close whereas beyond that the inductance 
drops more rapidly than filling ratio, as in the case of 10 bars. This indicates that as 
patterning magnetic film into small bars with large aspect ratio (L/W) the effect of shape 
anisotropy comes in and becomes the dominant factor over filling ratio. Large shape 
anisotropy field contributes to the effective anisotropy field resulting in a decrease in 
effective permeability. [53]  
Table VI. Effect of patterning on inductance increase change 
 Film 4 bars 6 bars 10 bars 
Aspect ratio (L/W) 1/0.5 1/3 1/5 1/10 
Filling ratio  100% 82% 68% 57% 
Inductance increase 
change 100% 86.4% 68.6% 45.5% 
 
The quality factor curves in Fig. 14(b) present a right shift towards higher 
frequency with increasing patterned bars. Therefore, at low frequency range inductors 
with patterned magnetic bars show a lower Q factor while a contrasting trend occurs at 
high frequency range. Fig. 15 shows the effect of patterning on the peak Q value and 
position in frequency domain. A peak Q of nearly 3 is achieved by the smallest bars (10 
bars) at about 1 GHz. With fine patterning peak Q goes towards up-right corner of this 
plot where large Q appears at high frequency. This demonstrates that patterning film into 
bars structure is helpful in reducing eddy current loss in the inductor and is necessary for 
obtaining high Q factor in a high frequency range. 
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(a) 
 
(b) 
Fig. 14 Measurements of (a) inductance and (b) quality factor of spiral inductors with 
patterned Co-Zr-Ta-B films. 
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Fig. 15 Effect of patterning on the peak Q value and position in frequency domain. The 
arrow indicates that with fine patterning peak Q goes towards up-right corner of this plot. 
 
 
 
 
 
 
 
 
 
 
 
 
CONTROL OF MAGNETIC FLUX AND EDDY CURRENT IN MAGNETIC 
FILMS IN ON-
In this chapter, the role of magnetic vias in magnetic flux and eddy current control 
is investigated by both simulation and experiment using different patterning techniques 
and by altering the magnetic via width. Improved finger
designed and integrated into on
quality factor from 400 MHz to 800 MHz without sacrificing inductance enhancement. 
Eddy current and magnetic flux density in different areas of magnetic vias are analyzed 
by HFSS 3D EM simulation. With optimized magnetic vias, high frequency response of 
up to 2 GHz has been achieved.
Fig. 16  Top-view of schematic and fabricated 4
and finger-shaped (c) (d) magnetic vias. Cu coils were wrapped aro
and the dashed lines indicated magnetic via regions.
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Chapter 5 
CHIP RADIO FREQUENCY (RF) INDUCTORS
-shaped magnetic vias have been 
-chip RF inductors improving the frequency of peak 
 
 
-turn spiral inductors with regular (a) (b) 
und by Co
 
 
-Zr-Ta-B, 
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5.1 Spiral Inductors with Finger-shaped Magnetic Vias 
The spiral inductors were elongated to take advantage of the uniaxial magnetic 
anisotropy and the Co-Zr-Ta-B films were patterned for optimizing the spiral inductors 
performance, as shown in Fig. 16.   
Fig. 17 presents measured inductance (L) and quality factor (Q) for 4-turn 
rectangular inductors with different magnetic thin film structures. Compared to inductors 
without magnetic films (bare in Fig. 3), a 4-turn rectangular spiral inductor with a single 
magnetic ring achieved a maximum 3.5X inductance increase and a 3.9X increase in the 
Q-factor at 1 GHz. 
 
           (a) 
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             (b) 
Fig. 17  Inductance (a) and quality factor (b) measurements from 4-turn rectangular spiral 
inductors with regular and finger-shaped magnetic vias. The Co-Zr-Ta-B film is 500nm 
thick without laminations. The "bare" represents the same inductor without magnetic 
materials. 
The inductance begins to drop dramatically above 1 GHz from various sources of 
magnetic loss, e.g., eddy currents in the magnetic material, skin effect and FMR effect. 
As a result, quality factor does not continue increasing above several hundreds of MHz 
until resonant frequency is reached. ANSYS HFSS was used to simulate the eddy current 
distribution in the magnetic films. The volume current density plotted in Fig. 18 has 
shown that the strongest eddy current density appears in the magnetic via regions. 
Minimizing the size of magnetic vias is therefore one efficient way to suppress the eddy 
currents. Finger-shaped magnetic vias have been designed to cut off the eddy current loop 
in magnetic vias whereas keeping the magnetic flux continuous. Simulations show the 
current density in finger-shaped magnetic vias decreases over one-order. This is proved 
by experiment results, as seen in Fig. 17, the inductors with finger
have better frequency response and higher high
(a)                
Fig. 18 Simulations of current density (at 1GHz) in magnetic films without (a) and with 
(b) finger-shaped magnetic vias from ANSYS HFSS 3D EM simulator.
The reason for this decrease is that the sidewall o
patterned along with the finger structure where magnetic flux was no longer continuous 
along the entire magnetic vias. In order to maintain inductance value, improved finger
shaped magnetic vias shown in Fig. 19 were designed in
(see Fig. 19 (b) and (c)) was patterned into finger shape while keeping the sidewall 
continuous along the entire magnetic via. Fingers are patterned with different length, 12 
µm, 4 µm, 2 µm for 6 fingers, 12 fingers and 20
frequency dependence of measured inductance (L) and quality factor (Q) from inductors 
with regular and improved finger
partitioned into small fingers that has le
maintains near constant value and high compared to that of regular inductor without 
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-shaped magnetic vias 
-frequency quality factor.
                                                (b) 
f the magnetic via was also 
 which only the extension portion 
 fingers, respectively. Fig. 20 shows the 
-shaped magnetic vias. Even though magnetic vias were 
ss magnetic materials, the inductance still 
 
 
 
-
fingered structure, whereas peak quality factor has improved from 400 MHz to 800 MHz 
compared to the latter. The demonstrated hi
the suppression of eddy current loss by the finger structure in the extension portion of 
magnetic vias, and was demonstrated earlier by HFSS simulation.
 
Fig. 19 (a) Schematic and fabricated (inset) on
with regular magnetic vias. (b) Schematic of improved finger
12 fingers (c) Zoom in improved finger
width. (d) Cross sectional view of magnetic vi
portion. 
In addition, the peak quality factor did not show more significant improvement 
when magnetic vias have more fingers (from 2.2 for 6 fingers to 2.5 for 20 fingers). From 
this observation, it is suggested that i
high frequency, the width of the extension portion need to be reduced as well. One 
disadvantage of reducing the extension width is the inductance drop. However, according 
to the measurement results in Fig
shape to fingers with less magnetic materials the slightly changed inductance value 
indicated that the sidewall is more critical to inductance enhancement compared to the 
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gh frequency peak quality factor is a result of 
 
-chip magnetic thin film spiral inductor 
-shaped magnetic vias with 
-shaped magnetic vias showing fingers length and 
as composed of sidewall and extension 
f one aims at maximizing the quality factor towards 
. 20, when magnetic vias were patterned from regular 
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extension. Fig. 21 shows the magnetic field H distribution around inductor coils 
simulated in HFSS. Magnetic vias have smaller magnetic field in their 1 µm thick 
extension portion because eddy current in this area screens the external magnetic field. 
On the other hand, it is clear to see that magnetic flux is in a continuous loop throughout 
the sidewall. Therefore, the main strategy for optimizing magnetic vias is to minimize the 
extension portion, which will be discussed in the next section, providing the sidewall 
remains the same. 
 
 
(a) 
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(b) 
Fig. 20 Inductance (a) and quality factor (b) measurements from inductors with different 
magnetic vias. 
 
Fig. 21 Magnetic field in magnetic thin film around copper wires at frequency of 100 
MHz showing that the extension portion of magnetic via actually does not contribute to 
the flux enhancement. 
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5.2 Width dependence of magnetic vias 
In order to investigate roles of the sidewall and the extension of magnetic vias, 
further experiments were performed by altering the width of the extension portion of 
magnetic vias. First, inductors with magnetic vias consisting of only side wall were 
created in HFSS for simulation. It is as expected that the inductance has a similar value 
even though without the extension portion. In the fabrication process, however, the 
extension portion was intentionally kept to ensure good coverage of magnetic material on 
the sidewall during the sputtering process, as Morrow et al.[44] demonstrated that only 
approximately 25% of targeted magnetic material thickness on vertical sidewall can be 
achieved using sputtering deposition technique. The extension portion was altered from 
1µm to 5µm. Measurement results showed that as the extension portion becomes 
narrower the inductor has a better high frequency response up to 2 GHz with a peak 
quality factor over 1 GHz, shown in Fig. 22. Meanwhile, the narrower magnetic vias lead 
to lower inductance value and for inductor with 1 µm wide magnetic vias the inductance 
drop by 40%, similar to what others have observed. [26, 44] This is due to the poor 
magnetic material coverage on the sidewall of magnetic vias. Fig. 23 shows the effect of 
extension portion width on inductance, peak quality factor and their related frequency. 
Although inductance increases as increasing  the extension of magnetic vias, the peak Q 
does not follow this trend. More importantly, the frequency of peak Q and 90% L exhibit 
an opposite trend which means wide magnetic vias are not preferable in RF inductors. 
Future efforts to improve RF magnetic thin film inductors will focus on improving 
sidewall magnetic material coverage with minimum extension of magnetic vias. 
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Fig. 22 Magnetic vias width dependence of inductance and quality factor of on-chip 
inductors. With narrow magnetic vias high frequency response up to 3 GHz and peak Q 
at 1.1 GHz can be achieved. 
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Fig. 23 Effect of extension portion width on inductance, peak quality factor and their 
related frequency, f (90% L) is defined as the frequency when inductance drops by 10%. 
 
5.3 Summary 
The magnetic via for controlling eddy current and magnetic flux is investigated to 
improve on-chip magnetic thin film inductors high frequency performance. Improved 
finger-shaped magnetic vias, which simultaneously suppresses eddy current and maintain 
magnetic flux loop, are helpful for achieving higher quality factor at higher frequency. 
The sidewall of magnetic vias is proven to play a critical role in forming magnetic flux 
path around inductor coils. By changing the extension of magnetic vias, magnetic via 
width dependence of L, peak Q and their frequency was examined showing that wide 
magnetic vias are not suitable for RF inductors. 
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Chapter 6 
EFFECTS OF MAGNETIC FIELDS ON ON-CHIP INDUCTORS WITH 
PATTERNED MAGNETIC FILMS 
Magnetic thin films are incorporated onto on-chip inductors to increase both 
inductance and quality factor making scaling down the on-chip inductors possible. These 
magnetic films properties are often obtained from flat, large area films. However, during 
device processing and patterning the magnetic properties can vary from flat films and 
therefore it needs a way to evaluate magnetic films in-situ after device fabrication. Some 
magnetic film properties, such as saturation magnetization, are also affected by device 
working conditions. In particular, in power management applications such as integrated 
voltage regulators utilizing magnetic film in the inductors, a high power density with 
large DC current will inevitably saturate the magnetic films resulting in the inductance 
decrease significantly thereby reduces the value of adding magnetic materials. Therefore 
it is crucial to quantify the saturation field in the fabricated inductor, as magnetic film in 
the inductor may not have the same saturation field as for large flat films where 
hysteresis loop and saturation field are typically obtained, and explore effect of various 
magnetic film structures that could increase the saturation field, therefore allowing larger 
current in the inductor coils for power delivery applications. 
6.1 Experiment 
The 4-turn spiral inductors were fabricated onto quartz substrates with 500-nm-
thick amorphous Co-4%Zr-4%Ta -8%B (at. %) film prepared by DC magnetron 
sputtering. Fig. 24 shows the schematic (a) and fabricated devices with various patterned 
Co-Zr-Ta-B films including complete film (b), multiple bars (c) and film with finger-
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shaped magnetic vias (d). HP8720D network analyzer and Cascade GS probes were 
utilized for one-port radio-frequency (RF) measurements. Inductors were tested by a 
small AC signal with a constant power of 5 dBm from 50 MHz up to 20 GHz. Meanwhile, 
a DC magnetic field generated by permanent magnets was applied perpendicular to the 
easy axis (EA) ranging from 0 Oe to 360 Oe as shown in Fig. 24. 
       
Fig. 24 Schematic (a) and fabricated (b-d) 4-turn spiral inductors with various patterned 
magnetic films, (b) film, (c) 10 bars, (d) fingers. Easy axis of magnetic film is indicated 
in each figure while both applied AC and DC magnetic field H are in the perpendicular 
direction. 
 
 
 
Fig. 25 (a) Measured hysteresis loops along Hard Axis (HA) of 500nm-thick large-area 
flat Co-Zr-Ta-B film. Arrows represent small AC signals under different DC biased 
magnetic field H. (b) shows the relative changes of the permeability 
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The hysteresis loop measured by vibrating sample magnetometer (VSM) from a 5 
mm × 5 mm large area flat film on Si substrate is shown in Fig. 25 (a) indicating that the 
saturation field along hard axis (HA) is around 35 Oe. Magnetic material's permeability 
can then be calculated by taking the derivative of the B-H hysteresis loop. Due to the 
non-linear nature of the hysteresis loop, the permeability is variable with different applied 
bias field as seen in Fig. 25 (b), showing a maximum at zero bias and drops to 1 at 35 Oe 
bias field. 
6.2 Effects on Inductance and Quality Factor 
The low frequency inductance of an air-core planar spiral inductor can be 
calculated by simple approximate expressions which have very good accuracy. The 
calculated inductance of the air-core 4-turn inductor without magnetic materials is 1.9 nH 
which is validated by our measurement results. With magnetic material the inductance 
increases by a factor of effµ , defined as effective permeability. effµ  is determined not 
only by material intrinsic permeability but also geometric parameters such as magnetic 
film thickness and distance from inductor coils and fabrication process. Here we keep the 
process parameters all the same and apply a DC magnetic field along the hard axis while 
performing inductance measurement to render change of the magnetic states in the 
magnetic film around inductor coils. At low applied field from 0 Oe to 25 Oe the 
inductance versus frequency plots overlap with each other, indicating inductance and 
therefore magnetic film state remains unchanged for the entire frequency range, as shown 
in Fig. 26(a). As the applied H field continues to increase, however, the magnetic films 
on inductors gradually become deviated from initial state and inductance begins to drop 
at around 60 Oe and the trend continues until the magnetic film becomes fully saturated 
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and the effective permeability drops to 1. From the sequence of the field-dependent L 
measurement in Fig. 26(a), a saturation field of 220 Oe is determined when the magnetic 
film inductor has the same inductance value as the air-core one.  
It should be noted that the 220 Oe saturation field for the magnetic film in the 
inductor structure here is much larger than the value of 35 Oe for an unpatterned flat film 
shown in Fig. 25 (b), due to the finite size and certain aspect ratio of the magnetic film in 
the inductor device structure that could alter the demagnetizing factor, leading to larger 
effective anisotropy field. More detailed discussion on demagnetizing factors is in 
Section B. This observation illustrates the importance of taking into account the magnetic 
film structure when saturation field is an important inductor design parameter. 
 
(a) 
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Fig. 26 Inductance (a) and quality factor (b) of 4-turn spiral inductor with complete Co-
Zr-Ta-B film under different H field bias. Measurement was performed on device 
structure shown in Fig. 1(b), where magnetic layer is an un-patterned film. (c) 
Normalized effective permeability and quality factor at 1 GHz versus H field. 
 
In addition, the quality factor at high frequency increases when high H field is 
applied. Without H field the quality factor plot versus frequency shows an obvious drop 
(b) 
(c) 
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at high frequency which is mainly due to the ferromagnetic resonant frequency (FMR) 
absorption. This FMR behavior is described by Landau Lifshitz equation: 
                                                                         (7) 
where  denotes the gyromagnetic ratio and  is a damping parameter. The 
effective field  contains internal fields, the external bias field  and excited field
. Under no bias field condition, the magnetization M is along the easy axis 
perpendicular to the excited AC field. So FMR absorption occurs at high frequency 
which is determined by Eq. (7). However, when external bias field applied to the hard 
axis, the magnetization M gradually becomes parallel to the  resulting in a zero curl 
product. The FMR effect is therefore minimized so that the quality factor remains large 
value at high frequency. Normalized effective permeability and quality factor at 1 GHz 
are plotted in Fig. 26(c) clearly showing these effects of external bias H field. After the 
magnetic film is saturated, the effective permeability is only 30% of its initial value 
whereas the quality factor increases by 220%. 
6.3 Patterned Magnetic Film 
The magnetic film is then patterned into various structures to investigate shape 
effects on the saturation field including bars (Fig. 24c) and finger (Fig. 24d) structures. 
The aspect ratio of magnetic film, defined as the length in hard axis direction divided by 
the length in easy axis direction, is used to distinguish these patterned films. From the 
measurement results in Fig. 27, which shows inductance versus applied filed at 
representative frequencies of 0.1 GHz and 0.5 GHz, it is obvious that, for magnetic film 
with large aspect ratio, the inductance drop to air-core value at smaller bias field.  
)( effeff HMMHMdt
dM
××+×−= λγ
γ λ
effH DCH
ACH
effH
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Although for film, 2-bar and 4-bar structures there is little change in saturation, it 
reduces further for smaller bar width, such as 10-bar structure. This indicates there will 
be loss of magnetization with smaller width bars. Having lower saturation field in 
patterned bars is also due to the decreasing demagnetizing field dH  which is calculated 
by (8).  
sdd MNH −=
                                                                                                         (8) 
dN  is the demagnetizing factor along the hard axis calculated by the method 
discussed in chapter 2. With the demagnetizing field the effective saturation field 
becomes 
sdseffs MNHH +=,
                                                                                               (9) 
As the aspect ratio increases, the demagnetizing factor along the hard axis 
decreases resulting in a decreasing saturation field. Table VII summarizes the patterned 
films’ demagnetizing factors and corresponding calculated and measured effective 
saturation field. The discrepancy between calculated and measured saturation field is 
possibly due to the rough surface and uneven shape of the magnetic film deposited on 
fabricated devices. 
Table VII Demagnetizing Factor and Saturation field of patterned CO-ZR-TA-B film 
 Film 2 Bars 4 Bars 10 Bars Fingers 
Aspect ratio 0.6 1.3 3.0 10.0 NA 
Nd 0.0178 0.0170 0.0147 0.0111 NA 
Hd (Oe) 258 248 219 175 NA 
Hsat (Oe) 220 220 220 150 325 
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On the contrary, the finger-shaped magnetic film has higher saturation field so 
that it can be used for large signal applications such as voltage regulators, especially at 
high frequencies. Comparing Fig. 27 (a) and (b), the trend that the finger-shaped film is 
less easy to be saturated is more distinct at high frequency range. For instance, at 0.1 
GHz, the inductance of finger structure is slightly lower than that of inductor with film 
structure at field of 100 Oe in Fig. 27(a); its inductance is, however, higher than its film 
counterpart at 0.5 GHz at the same 100 Oe. This is consistent with our early observation 
that finger structure has better response and quality factor at higher frequencies. A 
possible explanation for high saturation field could be the edge-induced domains in the 
fingers structure that would require higher field to alter the magnetization direction, 
which requires further investigation. 
 
(a) 
(a) 
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(b) 
Fig. 27 Comparison of inductance versus bias field measured from inductors with un-
patterned and patterned magnetic films at (a) 0.1GHz, (b) 0.5GHz. 
 
6.4 Summary 
On-chip magnetic thin film inductors under external bias field were studied to 
evaluate inductor performance as well as the magnetic film properties including effective 
permeability and saturation field. The work provides an efficient in-situ method to test 
fabricated magnetic thin film around the inductor structure providing more accurate 
results compared to traditional large film measurements. As the films are patterned, 
saturation field changes accordingly due to magnetization loss and shape anisotropy field. 
Experiments show that films with finger structure have larger saturation field making 
them suitable for high current applications such as DC-DC converter. 
 
(b) 
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Chapter 7 
IN-PACKAGE RF AND POWER INDUCTORS ON ORGANIC SUBSTRATES 
FOR SYSTEM IN PACKAGE (SIP) APPLICATIONS 
With the fast development of portable electronics, such as smart phone, ultrabook, 
as well as high performance computation, integrating discrete passive components, i.e. 
inductors and capacitors, in package to miniaturize the overall form factor has been 
demanded by System in Package (SiP) technology. Although extensive efforts have been 
made to incorporate magnetic materials to on-chip inductors, less attentions were given to 
the magnetic materials on package substrates mainly because magnetic properties could 
be affected by packaging substrate surface, stress and temperature resulting in 
unfavorable degradation of device performance. This chapter characterized soft 
amorphous Co-Zr-Ta-B films on standard organic package substrates including ABF and 
polyimide. Effects of substrate roughness and stress were analyzed and simulated which 
provide strategies for integrating Co-Zr-Ta-B into package inductors and improving 
inductors performance. 
7.1 Characterizations of Magnetic Thin Films on Packaging Substrates 
Amorphous Co-4%Zr-4%Ta-8%B (at. %) films were deposited with a constant 
DC magnetic field by DC magnetron sputtering on two kinds of organic packaging 
substrates, i.e. ABF and polyimide. The substrates investigated here are 500 µm thick 
commercial available polished polyimide substrate, 100 µm thick ABF laminated on 
glass substrate, along with our standard polished quartz substrate. Boron in Co-Zr-Ta-B 
film was also used to increase the film resistivity for high power density applications as 
in previous experiments. The unlaminated films were 500 nm thick while the laminated 
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films were ten 50 nm thick layers with a few nanometers of cobalt oxide insulation layers 
in between to reduce eddy current loss. Surface roughness effect was first examined by 
measuring the roughness of bare substrates and as-deposited Co-Zr-Ta-B films using 
optical profiler with high resolution, as shown in Table VIII.  
TABLE VIII 
ROUGHNESS OF CO-ZR-TA-B FILMS ON DIFFERENT SUBSTRATES (NM) 
 Bare 500 nm  Co-Zr-Ta-B 
50 nm × 10  
Co-Zr-Ta-B 
SiO2/Si 
-- 9.3 7.7 
-- 9.5 8.2 
ABF/Glass  
33.9 28.4 21.4 
50.0 30.8 19.4 
Polyimide 
33.8 36.0 60.9 
35.0 38.5 63.2 
 
Both ABF and polyimide substrates present tens of nanometer roughness, 
resulting in slightly sheared and broaden hysteresis loops compared to the films deposited 
on Si substrate. Measured hysteresis loops of Co-Zr-Ta-B are shown in Fig. 28. The 
coercivity of the two films on ABF/glass are all smaller than 1 Oe, see Table IX. The 
values are slightly larger but very similar to those on SiO2/Si substrate, indicating their 
high quality. Similarly, the anisotropy Hk are also similar to those on SiO2/Si. Overall, 
the quality and the softness of the Co-Zr-Ta-B films on ABF/glass remain the same as 
those deposited on SiO2/Si. However, the coercivity measured from polyimide substrate 
is larger than that from ABF substrate, especially for 500 nm film on polyimide, which is 
mainly due to the poor chamber vacuum during sputtering as a result of outgassing from 
polyimide substrate. Prebaking of polyimide substrates might be a possible solution for 
this out gassing issue. 
59 
 
 
Fig. 28 Measured hysteresis loops of Co-Zr-Ta-B films on packaging substrates 
The films were then annealed at 200 ºC in N2 ambient for 2 hours with a DC 
magnetic field around 1000 Oe. No obvious improvement can be seen from the hysteresis 
loops, as shown in Fig. 29. For laminated films on both substrates, in-plane anisotropy 
tends to disappear after annealing which is partially due to the change of Co oxide 
insulation layers. Coercivity and anisotropy field are extracted from the hysteresis loops 
and listed in Table IX.  
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Fig. 29 Measured hysteresis loops of annealed Co-Zr-Ta-B films on packaging substrates 
TABLE IX 
HC AND HK OF CO-ZR-TA-B FILMS ON DIFFERENT SUBSTRATES (OE) 
 
 500 nm  
Co-Zr-Ta-B 
50 nm × 10  
Co-Zr-Ta-B 
Hc 
in Easy Axis 
 as-deposit annealed as-deposit annealed 
SiO2/Si 0.1 0.1 0.18 0.05 
ABF/glass 0.4 0.4 0.25 0.5 
Polyimide 75 100 2.5 7 
Hk 
in Hard Axis 
SiO2/Si 17.8 19 22.5 21 
ABF/glass 27 24 27 15 
Polyimide -- -- 27 -- 
 
7.2 Stress Analysis in Magnetic Films on Package Substrates 
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Stress in magnetic films has significant consequences for both device fabrication 
and performance. For device fabrication, large stress can cause deformation of inductor 
coils and package substrates such as warping, therefore is undesired. From a device 
performance perspective, stress in the magnetic films can introduce extra anisotropy 
resulting in magnetic properties deterioration. Before fabricating inductors with magnetic 
films on package substrates, it is necessary to analyze the stress in the magnetic films. 
Film stress in magnetic films on or in package substrate was simulated by Abaqus 
FEA. Two types of structures were modeled with magnetic thin films on or in package 
substrates as seen in Fig. 30. It shows that for both structures large stress only occurs at 
the corners of the films. This indicates that there is no significant stress induced 
anisotropy in films which is helpful in keeping the uniaxial anisotropy of the magnetic 
film with high saturation field.  
 
(a)                                                                            (b) 
Fig. 30 (a)Simulated structure with magnetic films in (top) and on (bottom) packaging 
substrates. (b)Stress mapping in magnetic films on packaging substrate. 
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Fig. 31 Simulation of stress in magnetic films in and on packaging substrates showing 
large stress only occurs at substrate edges. 
 
7.3 Inductors with Magnetic Films on Package Substrates 
For demonstration of in-package magnetic thin film inductors the stripline 
inductors incorporating 500 nm thick Co-Zr-Ta-B film were fabricated using the identical 
procedure and conditions such as process temperatures onto three different substrates, 
quartz, polyimide and laminated ABF film on glass, using electron beam lithography 
(EBL) and magnetron sputtering for pattern definition and metallization, respectively, a 
standard procedure used in prior experiments. The typical fabricated stripline inductors 
without magnetic film, with film and with patterned magnetic film on ABF/glass 
substrate are shown in Fig. 32 (a), along with the schematic of the cross-section of the 
fabricated inductor and a representative scanning electron microscopy image. The length 
of the stripline inductor is 450 µm. 
Fig. 32 Stripline inductor structure. (a) Pictures of fabricated bare, film and patterned Co
Zr-Ta-B film inductors on ABF films laminated on glass substrate. Length of the st
inductor is 450 µm. (b) Schematic view of the cross
and representative scanning electron microscopy image of the inductor cross
(bottom). 
 
Measurement of inductance and quality factor versus frequency
inductors on three different substrates using non
compared and shown in Fig. 
increases to 2.7x, 1.6x, and 1.9x respectively, on quartz, polyimide 
substrates compared to bare (air
frequency response, with inductors on quartz substrate only showing near
until sharp drop-off at frequency greater than 1 GHz, while indu
decrease at around 1 GHz and 500 MHz respectively, for inductors on polyimide and 
ABF/glass. In the meantime, the quality factor of the inductor on polyimide and 
ABF/glass typically greater than, matches with those on quartz substrate. T
smaller values in the inductance increase on polyimide and ABF/glass could due to 
rougher surface and the stress due to different materials involved in 
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-laminated single layer 500 nm films are 
33. With 500 nm thick non-laminated film the inductance 
-core) inductors. All fabricated inductors show very good 
the inductor structure. 
 
-
ripline 
-section 
 of stripline 
and ABF/glass 
-constant value 
ctance starting to 
he slight 
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It is possible that repeated temperature cycles during the device fabrication process may 
have caused the stress in the magnetic film thus degrading the permeability and 
inductance increase. This effect, however, can be reduced if we introduce an intermediate 
layer between magnetic materials and packaging substrates. In addition, different 
substrate materials may lead to different thickness of spin-coated polyimide layer, which 
is used in the inductor as insulating layer. Such variations could affect magnetic layer 
structure, therefore the inductance values. 
Field annealing was also performed on fabricated inductors on various substrate 
under these conditions: 200 °C for 2 hours under magnetic field estimated to be between 
0.1 to 0.2 T. For inductor fabricated on ABF, this annealing did not degrade the 
performance of the inductors, with the same inductance value and quality factor. This 
indicates the robustness of the device, and it is promising to integrate inductor on 
packaging substrate, even with magnetic core materials integrated. 
Spiral inductors with 500 nm Co-Zr-Ta-B films were fabricated on polyimide 
substrates with the same structure as the one on quartz substrate presented in Chapter 4. 
The air-core inductor maintains the theoretical inductance value of 1.9 nH indicating that 
the process on quartz substrates is fully compatible with organic packaging substrates. 
But for the inductors with magnetic materials, about 10% to 20% inductance 
enhancement was observed as shown in Fig. 34. Such low inductance increase is mainly 
due to the deterioration of the magnetic films which can be improved by the following 
ways. 1. Inserting an intermediate layer, such as spin-coated polyimide, between 
substrate and magnetic layer to reduce the possible thermal stress effect.  2. Reducing the 
process temperature, which is primarily determined by the curing temperature of 
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polyimide layers, in order to reduce the stress in the magnetic layer. 3. Extending the 
experience gained from fabricating inductors using CoZrTaB as magnetic layers to the 
incorporation of NiFe layers, as it is a commonly used material in many forms of 
inductors, including spiral, solenoid, and toroid structures, and one could therefore 
further evaluate the performance of such magnetic inductor on packaging substrate. 
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Fig. 33 Measured inductance and quality factor from stripeline inductors on different 
substrates. 
 
 
Fig. 34 Measured inductance and quality factor from spiral inductors on polyimide 
substrates. 
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Chapter 8 
CONCLUSION 
A systematic study of integrated inductor with micro-patterned magnetic 
materials used in System-in-Package (SiP) and System-on-Chip (SoP) technology was 
presented through 3D EM simulation to experiments. Effect of using high permeability 
magnetic materials with planar inductors to enhance the inductance density and quality 
factor was analyzed by extensive experimental and simulation study. It is demonstrated 
that by using laminated amorphous Co-Zr-Ta-B films, up to a 9.1X inductance increase 
with good frequency response up to 2 GHz can be achieved showing promising 
applications in RF circuits. Patterning effect of magnetic thin films was also investigated 
and then utilized in integrated inductors for optimized inductor performance. The role of 
magnetic vias in controlling magnetic flux and eddy current was analyzed based on 
which finger shaped magnetic vias were designed. Experiments demonstrate inductors 
with finger shaped magnetic vias not only have a peak quality factor above 1 GHz but 
also present a high saturation field around 325 Oe. Co-Zr-Ta-B films on standard organic 
package substrates were also characterized including ABF and polyimide substrates. 
Effects of substrate roughness and stress were analyzed and simulated which provide 
strategies for integrating Co-Zr-Ta-B into package inductors and improving inductors 
performance. 
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